Successful spatial navigation is thought to employ a combination of at least two strategies: the following of landmark cues and path integration. Path integration requires that the brain use the speed and direction of movement in a meaningful way to continuously compute the position of the animal. Indeed, the running speed of rats modulates both the firing rate of neurons and the spectral properties of low frequency, theta oscillations seen in the local field potential (LFP) of the hippocampus, a region important for spatial memory formation. Higher frequency, gamma-band LFP oscillations are usually associated with decision-making, increased attention, and improved reaction times. Here, we show that increased running speed is accompanied by large, systematic increases in the frequency of hippocampal CA1 network oscillations spanning the entire gamma range (30 -120 Hz) and beyond. These speed-dependent changes in frequency are seen on both linear tracks and two-dimensional platforms, and are thus independent of the behavioral task. Synchrony between anatomically distant CA1 regions also shifts to higher gamma frequencies as running speed increases. The changes in frequency are strongly correlated with changes in the firing rates of individual interneurons, consistent with models of gamma generation. Our results suggest that as a rat runs faster, there are faster gamma frequency transitions between sequential place cell-assemblies. This may help to preserve the spatial specificity of place cells and spatial memories at vastly different running speeds.
Introduction
Most species use a combination of external (allothetic) and internal (idiothetic) cues to navigate. Dead reckoning, inertial navigation, and path integration refer to navigational strategies dependent upon internally generated cues (Barlow, 1964; McNaughton et al., 1996 McNaughton et al., , 2006 Whishaw et al., 1997) . Path integration necessitates that the brain continuously track the direction and speed of movement to calculate the current position of the animal.
What are the neural correlates of direction and speed? In rodents, neurons encoding head direction have been found in the postsubiculum (Taube et al., 1990a,b) , lateral and anterior dorsal thalamus (Mizumori and Williams, 1993; Taube, 1995) , medial entorhinal cortex (Sargolini et al., 2006) , and several other cortical and subcortical structures important for the encoding of spatial information (Taube, 2007) . In the hippocampus, a structure known to be of fundamental importance for spatial memory and navigation (O'Keefe and Dostrovsky, 1971; Squire, 1992) , most pyramidal cells encode position by firing in a restricted region of space and are hence called place cells (O'Keefe and Dostrovsky, 1971; Best et al., 2001) . Many place cells are modulated by head direction (McNaughton et al., 1983 ) and a small fraction of pyramidal cells encode head direction independent of position (Leutgeb et al., 2000) . Although there are no known hippocampal cells that exclusively encode speed, most hippocampal cells increase their firing rate at higher running speeds (McNaughton et al., 1983) . Medial entorhinal cortical grid cells show similar speed-dependent increases in firing rate (Sargolini et al., 2006) . Remarkably, although a rat runs through a place/grid field at very different running speeds across trials, the location and size of the place/grid field does not change (Sargolini et al., 2006; Geisler et al., 2007) .
In addition to modulation by spatial location, hippocampal neuronal activity is also modulated by a variety of rhythms. The frequencies of these rhythms range from low delta (0.3-4 Hz) and theta (6 -12 Hz) rhythms to higher frequency beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , gamma , and ripple (150 -210 Hz) waves (Buzsáki and Draguhn, 2004; Buzsáki, 2006; Singer, 1993; Fries, 2009) . Running speed influences both the power and frequency of theta oscillations seen in the hippocampal LFP (McFarland et al., 1975; Slawiń ska and Kasicki, 1998; Shin and Talnov, 2001; Buzsáki, 2005; Geisler et al., 2007) . Gamma oscillations are also prominent in the hippocampus (Bragin et al., 1995; Csicsvari et al., 2003; Montgomery and Buzsáki, 2007; Montgomery et al., 2008) . Hippocampal gamma power is elevated at choice-points on a maze and is thus thought to be associated with decision-making (Montgomery and Buzsáki, 2007) . However, no changes in gamma power (Montgomery and Buzsáki, 2007) or theta-gamma coupling (Tort et al., 2009) have been reported as a function of increasing running speed in rats, whereas gamma power increases with speed in mice (Chen et al., 2011) .
Here, we examine how the frequency of hippocampal gamma oscillations changes as a function of the running speed of a rat. We find systematic shifts to higher gamma frequencies at faster running speeds, with important implications for spatial learning and memory. These results were first published online as part of a doctoral dissertation (Ahmed, 2010) .
Materials and Methods

Experimental methods
Subjects. Five male Long-Evans rats aged 4 -6 months were housed in individual cages and kept on a reverse, 12 h day/night cycle. Recordings were performed during the dark phase. For at least 3 weeks before surgery, the animals were handled daily, trained to run on a Y-shaped track, and placed on a restricted diet to maintain their weight at 90% of their ad libitum-feeding body weight. All animal care and surgical procedures were performed according to the National Institutes of Health guidelines and were approved by the Brown University Institutional Animal Care and Use Committee.
Surgery and electrode implantation. The rats were anesthetized with 1-2% isoflurane for the duration of the surgeries and chronically implanted with either single-or dual-cannula microdrives. No other anesthetics were administered. Each cannula of the custom-made microdrives contained 4 -11 tetrodes. The tetrodes were constructed from 13-m-thick, Teflon-coated, nichrome wire (Kanthal Precision Technology) twisted into four strands. The tip of each electrode strand was gold-plated to reduce the impedance to 100 -300 k⍀ tested at 1 kHz.
The microdrive cannulae targeting the CA1 region of the hippocampus were located 3.5-5.2 mm posterior to bregma and 2.75-4.15 mm lateral to the midline, and shaped to follow the long axis of the hippocampus. The drives were secured to the skull using jeweler's screws and dental cement. The cannula(e) of each drive, as well as an additional jeweler's screw above the cerebellum, were all shorted together to act as the electrical ground and all spikes and local field potentials (LFP) were measured with respect to it.
Data collection. Data collection began after allowing a recovery time of 1 week after surgery. All recordings were performed in a sound and electromagnetically shielded room with very dim DC lighting. There were no other sources of sound or light in the room during the data collection. The rats ran on a Y-shaped track, with a long central arm (2.5 m) and shorter left and right arms (0.5 m). The rats had to alternate between any of the three arms of the track to receive a sugar water reward. Each session lasted between 30 and 60 min. Three of these rats also ran on a two-dimensional platform (2D; 2 ϫ 1 m) and were rewarded with small food pellets. Recordings were performed using the Neuralynx Digital Lynx system. The position of red and green LEDs on the rat's head was sampled at 40 Hz by the Neuralynx video tracker software. Spikes crossing a threshold of 30 -50 V on any one of the four tetrode wires were sampled at 32 kHz and bandpass filtered between 600 and 9000 Hz. Well-isolated single units were manually clustered offline using the MClust spike-sorting toolbox for Matlab (A. David Redish, University of Minnesota, Minneapolis, MN). Of 258 well isolated cells, 19 were found to be fast spiking (FS) interneurons and were used for this study. FS interneurons were distinguished from pyramidal cells based on the narrower peak-to-trough widths and larger peak-to-trough amplitudes of FS interneurons (Fox and Ranck, 1981; Cardin et al., 2009) . Multiunit activity was defined as all spikes that exceeded threshold.
The LFP was sampled at 4 kHz and bandpass filtered between 0.1 and 900 Hz. The results presented here are derived from a total of 98 LFPs (74 on the Y-shaped track, 24 on the two-dimensional platform) from a total of 39 sessions, each lasting 30 -60 min.
Data analysis
All data were analyzed offline using Matlab (MathWorks).
Speed calculation. The center of mass of the coordinates of the red and green LEDs on the rat's head were computed offline. This represented the x and y position of the rat at each point in time. This position data was low pass filtered to remove noise (Geisler et al., 2007 ). The speed vector was then calculated based on the displacement between each time point, consistent with previous studies (Geisler et al., 2007) .
Binning of speed and spectral data. Each 30 -60 min session was binned into sequential 200 ms time windows with no overlap. The average speed over this time window was calculated by averaging the speed within the 200 ms period. The power spectrum was calculated for each 200 ms period as discussed below.
LFP frequency-domain analysis. The Chronux toolbox for Matlab was used to perform multitaper spectral analysis of the LFP. The absolute power spectrum of the LFP during each 200 ms time window was calculated (in units of V 2 /Hz). The Chronux toolbox requires two parameters: the time-bandwidth product (TW) and the number of tapers (K), with the number of tapers often set to 2TW Ϫ 1, with the combination of these parameters helping to determine the amount of smoothing across frequencies. The settings TW ϭ 3 and K ϭ 5 were used (Jarvis and Mitra, 2001 ). All results presented here were tested using a range of values for these parameters, with no change in the findings.
To compute the averaged absolute power spectra at a given speed, all time windows with that particular average speed were used. The absolute power at each frequency was then averaged across all these time windows (Jarvis and Mitra, 2001 ). The relative power spectrum has also been used to compare power within a given frequency band across different times and conditions (Cardin et al., 2009 ). Hence, we analyzed the relationship of both relative and absolute power with speed. Relative power was calculated as the fraction of total power at each frequency in each time window (Cardin et al., 2009 ). In all color-coded plots, such as Figure 1A , the relative or absolute power at each frequency was z-scored separately across all data within each speed bin to make visual comparisons across different frequencies easier and to compensate for the typical 1/f decay of LFP power.
The coherence between a pair of simultaneously recorded LFPs was also calculated using the Chronux toolbox (Gregoriou et al., 2009) 
Results
Frequency of gamma oscillations increases at faster running speeds
To encourage the rats to run at a variety of speeds, we constructed a Y-shaped track with a 2.5-m-long central arm and shorter 0.5 m left and right arms. Rats were free to alternate between any pair of arms, and they generally reached speeds of up to 100 cm/s on the long arm (Fig. 1 A) . As the rats ran, we used tetrodes to record both the LFP and spiking activity from the CA1 region of the hippocampus (see Materials and Methods). We first computed the Z-scored relative power spectrogram together with the speed of the rat over an 80 s period (Fig. 1 A) . As the rat ran faster, the power at lower frequencies appeared to decrease, whereas the power at higher frequencies appeared to increase (Fig. 1 A, B) .
To quantify these changes, we computed the rat's speed and the LFP-spectral power in consecutive 200 ms bins (see Materials and Methods). The time period of 200 ms was chosen because it was short enough to exclude any significant changes in the rat's running speed, and long enough to calculate the power spectrum of the LFP for gamma frequencies. The distribution of average speeds confirmed that the rat spent more time at lower speeds, but often maintained average speeds well above 60 cm/s over the 200 ms time windows (Fig. 2A) . The absolute power spectra as a function of running speeds were then calculated (Figs. 2 B 
-D).
We first compared the absolute power spectra during immobility (0 -2 cm/s) and high-speed runs (60 -120 cm/s; Fig. 2C ). For each frequency, we calculated the ratio of absolute power during the two conditions. Low-frequency (30 -60 Hz) power was significantly higher during immobility than at fast speeds ( p Ͻ 0.001). However, power at higher frequencies (70 -240 Hz) was significantly higher while running at fast speeds ( p Ͻ 0.001). The LFP absolute power ratios showed a clear trend, increasing systematically from low to high frequencies (Fig.  2C , bottom). The only deviation from this linear trend appeared ϳ180 Hz (Figs. 1 A, 2C), which is the frequency of sharp-wave associated ripples that occur preferentially during immobility (Buzsáki et al., 1992) .
Did these frequency shifts represent discrete differences between immobile and run states, or were there gradual changes in frequency as a function of speed? To address this question, we compared the absolute power spectra at two closely matched running speeds, 10 -30 cm/s versus 30 -50 cm/s (Fig. 2 D) . Once again, we saw the same pattern: low frequencies (30 -65 Hz) had more power at slower speeds, and high frequencies (90 -240 Hz) had more power at faster speeds ( p Ͻ 0.001 in all cases). Thus it appeared that there was a gradual shift in power to higher frequencies at higher speeds. To confirm this, we overlaid the absolute power spectra at 50 different speeds, and saw the same trend ( Fig. 2 B) : clear, systematic changes in the slope of the absolute power spectra, reflecting the shift in power from low to high frequencies as a function of increasing speed.
The use of color-coded plots to represent the Z-scored relative power at each frequency and at each speed clearly demonstrated the systematic increases in frequency as a function of increasing speeds (Fig. 2 E) . These changes spanned the entire range of frequencies traditionally associated with low and high gamma oscillations (30 -120 Hz). For this session, the absolute power at low frequencies (30 -52 Hz) was significantly negatively correlated with running speed ( p Ͻ 0.001; Fig. 2 F, black bars), and the absolute power at high frequencies (65-240 Hz) was significantly positively correlated with running speed ( p Ͻ 0.001; Fig. 2 F, red bars). The correlations were most negative at 34 Hz and most positive at 120 Hz, corresponding to the broadest definition of gamma frequencies. An important consequence of these systematic changes in frequency was that the absolute power of frequencies between 52 and 65 Hz was uncorrelated with speed ( Fig. 2 F , green bars). This is because the power at these frequencies increased from 0 to 10 cm/s, and then decreased at higher speeds ( Fig. 2 E) . Thus, running speed appears to modulate the frequency of gamma oscillations, leading to differential amplitude modulation of each individual frequency ( Fig. 2 E, F ). Similar increases in gamma frequency as a function of speed were clearly evident in individual LFPs from four unique rats (Fig. 3) , and the population-averaged results (N ϭ 74 LFPs, 5 rats) very closely resembled those described for the representative examples (see Fig. 5A ,C,E). Both absolute power and relative power showed very similar relationships with running speed (see Fig. 5 , compare A, C). Thus, the frequency of hippocampal CA1 gamma oscillations is modulated by the running speed of the rat. Speed-dependent changes in gamma frequency are independent of spatial behavior We next asked whether these speeddependent changes in gamma frequency were independent of spatial behavior. We wanted to test the possibility that gamma frequency was correlated with speed only on linear tracks, and not in two-dimensional environments. Hence, we recorded from rats as they randomly foraged a large 2D platform immediately after or before they ran on the linear Y-shaped track. Before surgery, the rats had been pretrained to run on the Y-shaped track, but the 2D maze was a relatively novel environment. The rats were rewarded with sugar water on the Y-shaped track but were given small food pellets on the 2D platform. Thus, we were able to record the LFP from the same CA1 anatomical location as the rat explored two very different spatial environments and behaviors, and examine the speedfrequency relationship in each case. Figure 4 A-H shows one such experiment, where the rat was transferred from a familiar Y-shaped linear track (Fig. 4 A) to a novel 2D platform (Fig. 4 B) . The rat ran at slower speeds on the 2D platform (Fig.  4 D) . However, the rat still maintained average speeds just above 40 cm/s over many 200 ms periods. Even on this novel 2D platform, the frequency of oscillations increased as a function of speed (Fig. 4 F) . The correlations between absolute power and speed were most negative at 30 Hz and most positive at 120 Hz (Fig. 4 H) , consistent with the correlations seen on the Y-shaped track (Fig. 4G ). The only difference we noted on the 2D platform was increased power concentrated ϳ180 Hz during immobility, suggesting the possible occurrence of more sharpwave associated ripples on the novel 2D environment. The population-averaged speeds. The color of a spectrum represents the speed at which the spectrum was calculated: black is slow, red is fast. There is a decrease in slope of the spectra as speed increases, suggesting that the frequency content changes with speed. C, Top, Comparison of the averaged spectra during immobility (0 -2 cm/s) versus running at fast speeds (Ͼ 60 cm/s). Confidence intervals (95%) are plotted around each point, but are too small to be easily visible, indicating extremely low SEs. Bottom, Ratio of power in the fast segments to power in the immobile segments. The black bars represent frequencies that had significantly higher power during immobility (t test; p Ͻ 0.001, Bonferroni-adjusted for multiple comparisons), whereas the red bars identify frequencies that had significantly higher power during periods of high speed running. Green bars indicate frequencies that were not significantly different in the two conditions. Low frequencies have more power during immobility than running, whereas high frequencies have more power while running. The two spectra cross at 68 Hz.Thedipϳ180Hzcorrespondstotheincreasedpowerinthe160 -200Hzfrequencybandduringimmobilityripples.D,SimilartoC,but comparing two closely matched running speeds, 10 -30 cm/s versus 30 -50 cm/s. Confidence intervals (95%) are included, but are too small to be visible. Note that significant differences in the frequency structure are seen despite the fact that the rat is running in both 4 conditions, suggesting a quantitative influence of running speed on the frequency structure of the local field potential. E, This is confirmed by computing the relative power at each frequency across all speed ranges. The color represents the Z-scored relative power in each frequency band. The power shifts in a graded manner to higher frequencies as a function of increasing speed. F, The absolute power at each frequency band was independently correlated with running speed. Significant negative correlations (black, p Ͻ 0.001, Bonferroniadjusted) were seen for lower frequencies. These correlations became progressively less negative with increasing frequency, transitioning to significant positive correlations Ͼ65 Hz. Thus the precise frequency of network gamma oscillations strongly depends on the running speed of the animal, with higher speeds resulting in higher gamma frequencies.
2D platform results (N ϭ 24 LFPs, 3 rats) very closely resembled those described for this representative example (Fig. 5 B, D,F ) . Once again, both absolute and relative power showed similar relationships to running speed. Thus, we conclude that the frequency of hippocampal gamma oscillations is altered at different running speeds, and that these speed-dependent changes are independent of spatial behaviors.
Theta power increases at faster running speeds
To analyze the effect of running speed on frequencies between 6 and 30 Hz, we used 600 ms time bins to calculate the power spectra. This ensured that there were a sufficient number of theta cycles in each time window to get a good estimate of theta power. Middle, For the same LFP, the relative power across the session is color coded as a function of both speed and frequency: power shifts to higher frequencies at faster running speeds. Right, For the same LFP, absolute power at lower gamma frequencies is negatively correlated with speed, whereas absolute power at higher gamma frequencies is positively correlated with speed. B, C, D, Data from single LFPs recorded from three other rats show similar increases in gamma frequency as a function of speed.
2005; Geisler et al., 2007) , we found that power at all frequencies within the theta range (6 -12 Hz) was positively correlated with running speed (Fig. 6 A, B ). There was a very different relationship above 12 Hz, with frequencies between 18 and 30 Hz being significantly negatively correlated with running speed (Fig.  6 A, B) .
Gamma-band coherence shifts to higher frequencies at faster running speeds
We reasoned that for the speed-dependent increase in gamma frequency to be a meaningful reflection of synchrony at higher frequencies, the coherence (Sabolek et al., 2009 ) between anatomically disparate CA1 regions should also shift to higher frequencies in a speed-dependent manner. This would also control against the possibility of single electrode spike bleed-over. Thus we compared the coherence between a pair of simultaneously recorded CA1 LFPs separated by ϳ700 m along the long axis of the hippocampus at different running speeds (Fig. 7 A, B) . The coherence showed shifts to higher frequencies at faster running speeds. We quantified these shifts in two ways. First we plotted the gamma frequency that showed the maximal coherence at each running speed. For this same pair of LFPs, the most coherent Note the very similar relationships obtained using both relative and absolute measures of power. E, F, Low frequencies are negatively correlated, and high frequencies are positively correlated with running speed in each environment. All correlations are performed using absolute power measures. Thus the progressive frequency shift across the gamma-range is independent of the spatial environment.
frequency shifted from 30 Hz at the slowest speeds to 90 Hz at the highest speeds. There was a strong correlation between running speed bins and the average maximally coherent frequency for that speed bin (r ϭ 0.95, p Ͻ 0.001; Fig. 7C ). Second, as with absolute power, we calculated the correlation between the coherence at each frequency and speed. As seen with absolute power, coherence at lower gamma frequencies was negatively correlated with speed, and coherence at higher gamma frequencies was positively correlated with speed (Fig. 7D) . For the same session, we also recorded a third hippocampal LFP. This allowed us to analyze a pair of electrodes that were separated by ϳ300 m. Consistent with previous observations (Sabolek et al., 2009) , the coherences were slightly higher at this smaller separation distance (Fig. 7E ) than at the larger interelectrode distance (Fig. 7A) . Importantly, however, identical correlations were seen between LFP-LFP coherence at each frequency and running speed (Fig. 7, compare  D, F ) . We also simultaneously recorded the LFP from a neocortical electrode ϳ600 m away from one of the hippocampal electrodes. The coherences at all frequencies in this pair were lower (Ͻ0.3) than those observed between similarly spaced hippocampal electrodes, and there was no correlation between the most coherent frequency and running speed ( p ϭ 0.63; data not shown). This suggests that the coherence observed within the hippocampus is not due to a common reference or ground, as all electrodes were referenced to the same ground. Volume conductance in the brain has been shown to be isotropic, dropping off equally in all directions (Kajikawa and Schroeder, 2011) . Thus, if volume conductance was the sole reason for seeing within- Increased running speed is accompanied by LFP-LFP coherence at higher gamma frequencies. A, Coherence between two hippocampal electrodes provides a measure of the synchrony across the long axis of the hippocampus. Here the coherence between two electrodes in CA1, positioned 0.7 mm apart, is shown at different speeds. Black indicates slow speeds, red indicates faster speeds. The coherence curves shift to higher gamma frequencies as a function of speed. B, The same data as in A, with color-coded coherence. The shift to higher frequencies in the gamma range (30 -120 Hz) as a function of increasing speed is clearly visible. C, The running speed of the rat is plotted against the maximally coherent frequency at each speed. These data are from the same LFPs shown in A and B. The most-coherent frequency robustly increases as a function of running speed (r ϭ 0.95, p Ͻ 0.001), showing that the frequency of network oscillations shifts to higher frequencies synchronously across the hippocampus at faster speeds. D, The LFP-LFP coherence (same data as A-C) at each frequency band was independently correlated with running speed. Significant negative correlations (black, p Ͻ 0.001, Bonferroniadjusted) were seen for lower frequencies. These correlations became progressively less negative with increasing frequency, transitioning to significant positive correlations ϳ70 Hz (red, p Ͻ 0.001). Thus coherence and power show very similar relationships to running speed. E, Another example from the same session showing an electrode pair separated by 0.3 mm. Note the higher coherences in this case, but identical shifts to higher frequencies at higher speeds. Color coded as described in A. F, Correlations for the pair shown in E. Color coded as described in D. G, Same as C, but for the entire population data. H, Same as D and F, but for the entire population data.
hippocampus LFP-LFP coherence change as a function of running speed, the same relationship would be expected between a similarly spaced neocortex-hippocampal LFP pair. However, since this was not observed, we can also rule out volume conduction as an explanation for our results. The full impact of volume conductance on LFP signals continues to be an important research topic (Kajikawa and Schroeder, 2011) . Similar results were seen for the population data: there was a strong correlation between maximally coherent frequency and speed for the population-averaged data [r ϭ 0.97, p Ͻ 0.001; N ϭ 34 LFP-LFP pairs, 4 rats (one of the rats did not have at least two electrodes in the same hippocampal hemisphere at the same time and hence could not be used for coherence calculations); Fig. 7G ], with the average maximally coherent frequency shifting from 45 Hz at the slowest speeds to 75 Hz at the highest speeds. Similarly, the population averaged correlation between LFP-LFP coherence at each frequency showed the same trend as the two examples (Fig. 7H ) . Thus, the synchrony between anatomically distinct CA1 populations systematically shifts to higher gamma frequencies as running speed increases.
Interneuron and pyramidal neuron firing rates correlate with changes in gamma frequency
How could an increase in running speed lead to an increase in gamma frequency? Traub et al. (1996) have proposed that one factor controlling the frequency of gamma oscillations is the amount of excitatory drive to a network of interneurons. Their models and in vitro experiments suggest that the stronger the excitatory drive to an interneuron, the higher the frequency of gamma oscillations. We hypothesized that a similar mechanism may explain our observations. Running speed has been shown to increase the firing rate of both CA3 place cells (Diba and Buzsáki, 2008) and medial entorhinal cortex (EC) layer III grid, headdirection, and conjunctive cells (Sargolini et al., 2006) . Since these two regions are thought to provide the majority of feedforward excitatory inputs to CA1 (Witter and Amaral, 2004; Ahmed and Mehta, 2009) , the net excitatory drive to CA1 pyramidal cells and interneurons is expected to increase as a function of speed. Indeed, we found that the firing rates of two simultaneously recorded CA1 interneurons increased as a function of speed (Fig.  8 A, B) , consistent with previously reported observations (Czurkó et al., 1999; Nitz and McNaughton, 2004) . The two interneurons had very different mean rates, 33 and 69 Hz, respectively. However, the Z-scored firing rate, and not the absolute rate, of each interneuron was predictive of the frequency of LFP oscillations recorded simultaneously on another (non-local) CA1 electrode ( Fig. 8C-F ) . Similar results were seen in the population averages for all interneurons (Fig. 9 A, B) . Consistent with increased feedforward drive of both pyramidal cells and interneurons, similar results were seen for multiple-single-unit activity (where we combined the activity of two or more pyramidal neurons recorded simultaneously, thus helping to overcome their sparse firing profiles; Fig. 9C,D) and for multiunit-activity (MUA: all multiunit activity exceeding spike threshold, including all spikes generated by pyramidal neurons as well as interneurons; Fig.  9 E, F ) . Thus, changes in the firing rate of an individual interneuron, or an ensemble of pyramidal neurons, relative to its mean firing rate can be used to predict the frequency of hippocampal network gamma oscillations, even on distant CA1 electrodes. These results could be a consequence of either interneuronalnetwork-gamma (ING) or pyramidal-interneuronal network gamma (PING), with PING being more likely given the similar speed-dependent increases in both interneuron and pyramidal neuron firing rates within CA1 (Börgers et al., 2005; Tiesinga and Sejnowski, 2009 ). However, while our results show consistent correlations between interneuron firing rate and gamma frequency, they do not prove a causal relationship between the two. Careful hippocampal optogenetic experiments can help to test the causality of this relationship in vivo in the future.
Discussion
We have shown that the frequency of hippocampal gamma oscillations increases as the running speed of a rat increases (Figs.  1-3 ). This is true on familiar, linear tracks as well as in novel, two-dimensional environments (Figs. 4, 5) . The coherence between distant CA1 regions also shifts to higher gamma frequen- Figure 8 . Firing rates of individual interneurons correlate with the gamma frequency of hippocampal LFP. Data from two interneurons, recorded simultaneously on the same tetrode as the rat ranonay-shapedtrack.A,C,E,Interneuron1,whichhadameanfiringrateof33Hz.B,D,F,Interneuron 2, which had a mean firing rate of 69 Hz. A, B, Both interneurons increase their firing rate as a function of increasing speed. Insets, The narrow extracellular spike shapes are indicative of putative fast-spikinginterneurons.C,D,Asthenormalized(Z-scored)rateofeachinterneuronincreases,there is a shift to higher LFP frequencies. The interneuron and LFP were recorded simultaneously on different hippocampal electrodes. Note that this shift is independent of the absolute firing rates of the two interneurons,andinsteaddependsonthefiringrateofeachinterneuronrelativetoitsmeanrate.E,F, LowerLFPfrequenciesarenegativelycorrelatedwitheachinterneuron'sZ-scoredfiringrate,whereas higher frequencies are positively correlated. Thus the normalized rate of interneuron firing is predictive of the shift in LFP frequencies across the gamma-band.
cies as the rat runs faster (Fig. 7) . As predicted by previous models and in vitro experiments (Traub et al., 1996) , the firing rate of interneurons is strongly correlated with the frequency of hippocampal gamma oscillations (Figs. 8, 9 ). We now discuss the implications of these results in the context of recent work on hippocampal and entorhinal gamma oscillations.
Differential contributions of CA3 and EC inputs at different speeds?
CA1 pyramidal cells receive inputs from both CA3 and EC (Witter and Amaral, 2004) . CA3 inputs are localized to the basal and proximal apical dendrites of CA1 pyramidal cells, whereas inputs from the EC are restricted to the most distal apical dendrites. Which of these two inputs is responsible for the spatially precise output of CA1 place cells (Ahmed and Mehta, 2009 )? The analysis of gamma oscillations may shed some light on this question. Recent work has shown that higher frequency (65-140 Hz) CA1 gamma oscillations in rats are more coherent with high-frequency gamma oscillations in the EC, whereas lower frequency (25-50 Hz) CA1 gamma oscillations are more coherent with lowfrequency gamma oscillations in CA3 (Colgin et al., 2009) . Our results show that high-frequency gamma oscillations in CA1 are more likely at faster running speeds, whereas low-frequency CA1 gamma oscillations are more likely during immobility and slow running speeds (Figs. 1-6) . Colgin et al. (2009) also noted a somewhat reduced speed during their low-frequency gamma events compared with high-frequency events in CA1, consistent with our findings. The combination of these results suggests the hypothesis that CA1 might be preferentially driven by the entorhinal cortex at faster running speeds and by CA3 at slower running speeds. This prediction can be experimentally tested in the future by recording simultaneously from the medial EC (MEC), CA3, and CA1, and calculating the coherence between the regions as rats run at different running speeds.
Comparison to previous studies: gamma power versus gamma frequency Our results are complementary to recent findings (Montgomery and Buzsáki, 2007) of no correlations between gamma power and running speed. Montgomery and Buzsáki (2007) calculated a single value for power spanning the entire gamma range (defined by them as 40 -120 Hz). This gives the total power over all frequencies in this range. They then correlated this total gamma power to the running speed of the rat, and reported no significant correlations between the two variables using a generalized linear model. As we have shown here, power shifts from low frequencies to high frequencies at increased running speeds. Thus the total power over the entire gamma range does not change significantly. When we correlated the total power between 40 and 120 Hz with the running speed of a rat in our data, we too found no correlation (r ϭ 0.003, p ϭ 0.96, N.S.).
Our results differ from what has recently been reported in mice. Both low and high gamma power were found to increase as a function of running speed in mice (Chen et al., 2011) . One important possible reason for this difference concerns the anatomical differences between mice and rats (Ahmed and Mehta, 2009) . In rats, the main source of cortical input to CA3 comes from layer II of the EC (Witter and Amaral, 2004) . However, in mice, the main source of cortical input to CA3 is thought to arise from layer III of the EC (van Groen et al., 2003) , which also projects directly to CA1. Therefore, in mice, CA1 is essentially resampling the activity of EC layer III twice: both directly and via CA3. Thus, the CA1 region of mice is probably less likely to show the differences in gamma frequency coherence with CA3 versus MEC that are seen in rats (Colgin et al., 2009) , although this remains to be tested. If true, this might explain why mice are less likely to show gamma frequency shifts when running at faster speeds. We hypothesize that an important implication of these differences is that the place fields of mice are more likely to shift or change in size as a mouse runs at different speeds. This might also help to explain the consistently poorer performance of mice compared with rats on many hippocampus-dependent memory tasks (Whishaw, 1995) . As discussed below, in rats, the systematic changes in hippocampal gamma frequency with speed might help to stabilize the position and size of place fields despite vast differences in running speeds across trials. . Firing rates of individual interneurons and multiunit activity correlate with the frequency of hippocampal LFP-population averages. A, As the mean Z-scored firing rate of the population of interneurons increases, the frequency of CA1 gamma oscillations also increases. B, Lower gamma frequencies are more likely at lower interneuron firing rates, whereas higher gamma frequencies are more likely at higher interneuron firing rates. C, D, Similar to A and B, but for multiple single unit activity of pyramidal cells. E, F, Similar to A and B, but for all multiunit activity.
Possible functions of increased gamma frequency at increased speeds Montgomery and Buzsáki (2007) also showed that total gamma power increased at specific locations on the track where the rat was most likely to make decisions. This suggests that the total power in the gamma band can encode very different information from the frequency of gamma oscillations. The observation that increases in total hippocampal gamma power are correlated to decision making (Montgomery and Buzsáki, 2007) is consistent with similar roles for increased gamma power in the visual cortex (Womelsdorf et al., 2006) . What, then, is the function of increased hippocampal gamma frequency? We propose the following hypothesis.
Many CA1 place cells encode each region of space (Wilson and McNaughton, 1993) . These overlapping place cells have been shown to fire nearly synchronously within a ϳ20 ms window, approximately corresponding to the period of a gamma cycle (Harris et al., 2003; Senior et al., 2008) . This is immediately followed by the synchronous firing of the group of cells encoding the next point in space. These transitions between groups of cells have been described as internally generated cell-assembly sequences (Harris et al., 2003; Harris, 2005; Pastalkova et al., 2008; Senior et al., 2008) . This concept of internally generated sequences has been suggested as a possible explanation for why many different place cells are sequentially activated as a rat runs in a fixed location on a running wheel (Czurkó et al., 1999; Pastalkova et al., 2008) . Place cells are also seen in the absence of visual input (Quirk et al., 1990; Markus et al., 1994) and in blind rats (Save et al., 1998) , suggesting an important role for the sequential activation of internally generated cell assemblies in generating place cells. If place cells are, at least partially, the result of internally generated sequences, how can place cells maintain their spatial specificity despite the rat running at very different speeds during each lap?
Put another way, when a rat runs faster, how can the hippocampal network complete the same spatial sequence of place cells in a shorter period of time? There are two possible solutions: it can either skip elements of the spatial sequence, or it can transition between each element of the sequence faster. We believe that the increased gamma frequencies at higher speeds might reflect the latter of these two solutions. Each gamma cycle represents the activation of one element in the cell-assembly sequence, and at faster speeds there are faster transitions between each element of the cell assembly (Senior et al., 2008; Maurer et al., 2012) . These faster transitions might allow place cells to retain their spatial specificity despite faster running speeds, thus allowing the hippocampus to encode spatial information and memory independent of running speed, even in the absence of external cues. Traub et al. (1996) observed a linear increase in gamma frequency with increasing feedforward drive to inhibitory interneurons in vitro. Consistently, we have observed an approximately linear increase in gamma frequency as a function of increasing speed, and as a function of the interneuron firing rates in vivo. Importantly, recent observations by Maurer et al. (2012) have shown a linear increase in the number of cell assemblies being encoded in a given period of time as a function of increasing speed. Thus, our results fit well with these previous findings, in that the linear increase in the number of cell assemblies activated per second would correlate with the linear increases in gamma frequency as a function of speed.
This process is crucially dependent on the fact that increased running speeds are accompanied by increased excitatory input to CA1. This increased input causes networks of interneurons and pyramidal cells to oscillate faster and leads to increases in gamma frequency (Traub et al., 1996; Börgers et al., 2005; Tiesinga and Sejnowski, 2009 ). CA1 probably receives this increased external drive due to the higher firing rates seen in CA3 (Diba and Buzsáki, 2008) and the MEC (Sargolini et al., 2006) at faster speeds. But what brain region provides the entorhinal cortex with an increased excitatory drive at higher speeds? An important next step is to follow the trail of this speed signal by analyzing the relationship between running speed, firing rate, and gamma frequency in every brain region thought to be involved in spatial navigation.
